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with 1<m <2, that is like 1/¢" so that the ratio of neg-
ative to positive magnetoresistance changes like ¢’ +1
1011 the case of CuMn small constant deviations oc-
curred when plotting the negative magnetoresistance
on a H/T plot; this was attributed to a systematic er-
ror made when assuming that the maximum value mea-
sured already corresponded to the low-temperature
constant value. Accordingly, a single correction of a
few percent increase was made. Some systematic posi-
tive and negative trend was observed in the variation
of magnetoresistance with angle as the temperature
was lowered which was not attributed to the normal pos-
itive part.
) easurements on more concentrated alloys (280 and
2000 ppm) when plotted in the same way displayed a

striking change in the position of the maximum of re-
sistivity when an external field is applied. In a very
rough way the temperature of the maximum of resistiv-
ity T'phax varied like T+ (gugHext/k), where T is the
temperature of the maximum in zero external field, g
=2, pgis the Bohr magneton, and k the Boltzman con-
stant.
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The periodic deviation from the Schottky effect for thermionic emission has been mea-
sured for iridium polycrystalline wire over a temperature range from 1500 to 2000°K.
A least-squares computer program was used to fit the experimental data with the period-
ic F, term predicted by the Miller-Good theory and deduce a complex reflection coeffi~
cient for the surface potential. However, the results also indicate that the amplitude of
the experimental deviation increases slightly faster with field than is predicted by theory.

Periodic deviations from the Schottky curve
in thermionic emission have been well estab-

lished experimentally for tungsten,!~3 tantalum,!»*

molybdenum,®°® and rhenium.”

It is generally accepted that the deviations
are due to a wave-type reflection of electrons
at two relatively distinct points as they pass
through the surface.® The first point, at the
surface itself, is characterized by a complex
reflection coefficient p. The second point is
at the motive maximum created by the super-
position of applied field and the classical image
potential, and has a reflection coefficient usu-
ally denoted by X. Several theoretical calcu-
lations®™!2 have been made to evaluate the main
periodic term in the deviations. Most of these
calculations arrive at an expression contain-
ing p and argy (the amplitude and phase, re-
spectively, of the reflection coefficient for
the surface region) as parameters, and the
assumption is that these quantities are field
independent.

The differences between the various derived
expressions are small, and for convenience
the authors have used the main periodic term
(usually denoted by F,) derived by Miller and
Good?® for comparison with experiment. This

term is given by

F2=|—“|~7,]i(—£l sin[R(¢) +argu], (1)
where
f(£)=1.3x10~°[C(&) /272, (1a)
C(¢¥)=1.007(1-0.0791n¢), (1b)
357.1 _ 4+4C?
R(£)=—£1—;§—+5[tan 1C+C1n1:::—4c—2:|. (10)

T is the temperature in °K, and ¢ is the square
root of the field. The term in brackets on the
right-hand side of Eq. (1c) is a slowly varying
function of field and is usually approximated
by a constant average value, but here all da-
ta were analyzed using the exact expression.

The thermionic emission from polycrystal-
line iridium wire 5.0X 1073 c¢cm diam was mea-
sured as a function of applied field from 10*
V/cm to 6.5X 105 V/cm, and over a tempera-
ture range from 1500 to 2000°K. Measurements
were made on two different wires both from
the same stock.

The data from the emission measurements
were analyzed on a digital computer using a
least-squares program which fitted the exper-
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imental points with an assumed theoretical
curve. Ideally one tries to fit the data with
a theoretical curve of the form

log, J=P+Q&¢+F,. (2)
Expanding F, gives
log, =P +Q&+[f(¢)/T][M cosR(£) + N sinR(¢)],

where J is current density and &, f(£), T, and
R(£) are the same as defined in Eq. (1), and

P, @, M, and N are constants. The first two
terms on the right-hand side of Eq. (2) repre-
sent the Schottky straight-line increase in log,J
with the square root of the field due to lower-
ing of the mirror-image barrier. The coeffi-
cients P and @ as given by the least-squares
program using Eq. (2) determine the best straight
line from which the experimental periodic de-
viations are separated.

In most runs the deviations show a slight
curvature in their baseline below & =200 if they
are separated from a single straight line. (Sim-
ilar phenomena observed by others have often
been attributed to patch effects.) However,
the amount of scatter in the experimental points
was extremely small; therefore, in order to
display the deviations over the complete range
of field, the low-field curvature was compen-
sated by separating the data about a line that
had a constant plus a monotonically decreas-
ing slope. (This technique is somewhat anal-
ogous to the practice of using different straight-
line segments as outlined in Ref. 5.) A set of
deviations separated in this manner is shown
in Fig. 1. Similar monotonically varying correc-
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FIG. 1. Experimental periodic deviations for a 2-

mil iridium filament at T'=1865°K. The solid curve is
the Miller-Good F, term fitted to the experimental
points by the least-squares program. The circles are
the experimental deviations as separated using a curva-
ture compensation proportional to £3/2,

1118

tions were used to compensate for the low-field
curvature for other temperatures and filaments.

In data that had several periods present, as
is the case here, the low-field curvature com-
pensation could not introduce periodicity that
was not already present in the data. Further-
more, in the range of field for which quantita-
tive data are presented here, the amplitudes
and phases remained unaffected, to within ap-
proximately 5%, whether curvature compen-
sation was used or not.

Experimental values of || were calculated
by equating the Miller -Good amplitude term
to the amplitude (4,,) of the experimental de-
viations at the values of ¢ = §,, corresponding
to the maxima and minima points, i.e.,

|u|gm=AmT/f(£m), (3)

where f(£,,) is the Miller-Good amplitude term
[Eq. (1c)] evaluated at £,,. Figure 2 is a plot
of |ulyss as a function of temperature. It can
be seen that within experimental error |p
is independent of temperature and an average
value of (I ly)=0.31 is found. However, av-
erage values obtained in this manner increased
with £,, (although all were independent of tem -
perature), e.g., (I lgs =0.29 and (I l,,,)=0.33.
This is expected since, as indicated in Fig.

1, the amplitude of the Miller-Good curve that
“best fits” the experimental points does not
increase quite as fast as the experimental am-
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FIG. 2. Plot of Iul and argu vs T for the peak at &
~355. Triangles are filament No. 1. Circles are fila-
ment No. 2.



VoLUME 19, NUMBER 19

PHYSICAL REVIEW LETTERS

6 NOVEMBER 1967

plitudes.® This behavior was typical of all
runs taken on both filaments. The experimen-
tal values of argu obtained by matching the
phase of the periodic term in Eq. (1) at the
value of £=£&,, for which extrema occur in the
experimental curve were determined from the
equation*

argu =[3@2m+1)lr-[9.4% 10-35m1/2+3(gm)], (4)

m = integer.

The phase obtained from Eq. (4) for fields be-
low £ =600 was, within experimental error,
independent of field and temperature. The val-
ues of argu evaluated at £,, =355 are plotted
against temperature in Fig. 2. The plots for
£,, <355 had somewhat more scatter, but av-
eraged to essentially the same value of argu
=0.79+0.1.

1t can be seen from Fig. 1 that £,, for the
experimental peak near £=750 does not agree
with the corresponding £,, for the peak in the
theoretical curve. (This discrepancy was slight-
ly larger if curvature compensation was not
used.) The observed shift in phase of approx-
imately —0.3 rad could be due to a field depen-
dence of argu which becomes significant at
high fields, or the approximations made in
arriving at R(¢) could be poor at high fields.

It is to be noted that the values of M and N
in Eq. (2a), which are obtained from the least-
squares fitting, can also be used to determine
experimental values for |u| and argu. How-
ever, because of the anomalous increase in
the amplitudes, and the fact that the least-squares
curve tended to fit better at higher fields, the
values of | u| and argy obtained in this way
were not the best averages for the entire curve.

It can be concluded that the periodic devia-
tions from iridium are in approximate agree-
ment with the Miller-Good theory, and that
the experimental measurements interpreted
in terms of this theory give an average ampli-
tude of the reflection coefficient for the sur-
face potential of iridium of |ul=0.31. How-
ever, there is enough consistent evidence in
the present measurements to indicate that the
field dependence of the theoretical amplitude
does not agree exactly with experiment.

Except for the unexplained phase shift above
£ =600, the phase of the deviations is in good
agreement with the phase term predicted by
Miller and Good,® and gives an experimental
value of argu =0.79 that is constant over a rel-
atively wide range of field. Because of the lack
of agreement!® between theory and experiment,
especially with regard to [u |, it is not possi-
ble to obtain an unambiguous reflection coef-
ficient from the amplitudes of the periodic de-
viations.
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